There are few reports about plane-strain fracture toughness on wrought magnesium alloys. Also, there are a little data, for example planestrain fracture toughness, that evaluates such as reliability and safety in magnesium alloys. Therefore, in this study, plane-strain fracture toughness, K IC , on thin AZ31 wrought magnesium alloy sheets was analyzed. As a result, appropriate plane-strain fracture toughness was not obtained by plane-strain fracture toughness test. It was because specimens used in this study were too thin to satisfy small scale yielding condition. But, as a result of stretched zone analysis, appropriate plane-strain fracture toughness, K IC , was obtained and the values of K IC were 16.5-18.4 MPam 1=2 . According to the result of this study, it is concluded that stretched zone analysis was one of effective ways to evaluate fracture toughness of AZ31 wrought magnesium alloy appropriately. And the values of fracture toughness on AZ31 wrought magnesium alloys were equal or higher than that of cast magnesium alloy.
Introduction
From the 1990's transport industries are faced more than ever with weight reduction objectives to attain fuel economy and high performance in their vehicles. 1) They are driven to use the light weight structural materials. As a result, cast iron and/or steel components, which used from the former in the wider field, are replaced by aluminum alloys. In recent years, magnesium alloys have been paid attention to the replacement of many parts on aluminum alloys. This is a consequence not only of the relatively low density of magnesium alloys, which can directly and substantially reduce the vehicle weight, but also of its good damping characteristics, dimensional stability, machinability, and low casting cost. 2) In spite of these advantages, however, magnesium alloys normally exhibit low ductility near at the room temperature, because of the hcp structure. Therefore, the fabrication of magnesium alloys is mainly performed by die casting with hot or cold chamber, or semisolid processing using a thixomoulding technique. These technologies enable mass production of small components such as cellular phone and note PC. However, fabricated products are cast structures, and the strength and ductility are not high enough for many applications. In order to use these alloys for structural components, which require high toughness, their microstructure must be modified. In general, wrought magnesium alloys can be seen to have higher strength and ductility than cast magnesium alloys.
3) This primary results from the fact that the grain size of wrought magnesium alloys is normally finer than that of the cast magnesium alloys. In order to enhance the engineering applications in magnesium alloys, it is important to develop secondly processing to apply wrought magnesium alloys as a structural material. Recently, the superplastic forming can effectively produce complex engineering components directly from wrought products in experimental level. [3] [4] [5] [6] [7] [8] This forming is a viable technique to fabricate a hard to form material into complex shapes. In the future, it is expected that there are many products on wrought magnesium alloys. In addition, much thinner wrought magnesium alloys sheets will be used in order to lose the weight.
However, in order to be actually applied as a structural material, it is required to have sufficient mechanical properties such as meeting both reliability and safety. In reality, there is a little data, for example plane-strain fracture toughness, that evaluates such as reliability and safety in magnesium alloys. 2, 9, 10) There are also few reports about plane-strain fracture toughness on wrought magnesium alloys. Therefore, in the present study, we investigated the plane-strain fracture toughness by using thin wrought magnesium alloys sheets, AZ31.
Experimental Procedure
The material used in the present study was three kinds of Mg-Al-Zn alloy sheets, AZ31 since it was a popular wrought magnesium alloy. The alloy was received in the form of a rolled sheet with a thickness of 0.5 mm. The chemical composition of each sample were listed in Table 1 . The present used materials were especially different from one another in Fe and Mn contents. The materials were annealed at temperature of 573 K for 1.8 ks in order to remove asreceived strain. From the microstructures observation by using optical microscopy, the average grain sizes after annealed, d ¼ 1:74L: L is linear intercept size, were 18 (sample A), 28 (sample B), and 15 mm (sample C), respectively. In order to examine the mechanical properties at each sample, the tensile tests were carried out at a crosshead speed of 1 mm/min and at room temperature. The tensile specimen that was machined directly from the rolled sheet after annealed had tensile axes normal to the rolled direction. The gauge length and the width were 40 and 10 mm, respectively. The mechanical properties, yield strength, 0.2% yield stress, ultimate tensile strength, and elongation, at each sample were summarized in Table 2 .
The plane-strain fracture toughness tests were carried out in order to obtain fracture toughness at each sample according to ASTM-E399.
11) The fracture toughness specimen was machined directly from the annealed sheet and considering the received form, the shapes of specimen was middle section of centrally cracked panel. The thickness, gauge length, and width were 0.5, 90, and 30 mm, respectively. Before plane-strain fracture toughness tests, the fatigue cracking tests were carried out in order to insert a fatigue pre-crack in the specimen. According to ASTM-E399, the pre-crack length, 2a, in the specimen has to be between 0.45 and 0.55 W, where W is width of the specimen in the fatigue cracking test.
11) By using fatigue pre-cracked specimens, the plane-strain fracture toughness tests were carried out at a cross-head speed of 1 mm/min at room temperature. The fracture surface after the plane-strain fracture toughness tests were observed by scanning electron microscopy (SEM).
Results and Discussions
The variation in load as a function of displacement in plane-strain fracture toughness tests was plotted in Fig. 1 . The values of critical load, P Q , and maximum load, P max , at each sample were listed in Table 3 , where P Q is required to calculate critical stress intensity factor and P max is the maximum load that specimens were able to sustain. From Fig. 1 , it is found that the pop-in was difficult to detect in the result of plane-strain fracture toughness tests. Therefore, in this study, the recommended off-set procedure was used to determine the value of critical load. By using the data on Tables 1 and 3, the critical stress-intensity factor, K Q ¼ Q ðaÞ 1=2 , was calculated. In case of the ratio of P max =P Q no larger than 1.1, is valid to calculate critical stress intensity factor, K Q . In addition, even if the value of K Q satisfies the following condition, small scale yielding condition, the critical stress-intensity factor is valid as plane-strain fracture toughness, K IC .
where a is the pre-crack length, B is the thickness and W is the width. The value of P max =P Q , K Q and 2:5ðK Q = ys Þ at each sample were also listed in Table 3 . At three kinds of samples, although the ratio of P max =P Q did not exceed 1.1, the results of this plane-strain fracture toughness tests did not satisfy the small scale yielding condition. Therefore, from the results of plane-strain fracture toughness tests, it is concluded that the critical stress-intensity factor, K Q , was not valid as planestrain fracture toughness, K IC . This is because each sample was received in the form of rolled sheets with a thickness of 0.5 mm. In general, it is reported that critical stress-intensity on AZ91 cast magnesium alloys are 18.0-21.0 MPam 1=2 . 2, 9) In comparison with these reports, it is considered that the wrought magnesium alloys have equivalent or higher resistance to fracture and have higher tensile properties than the cast magnesium alloys. It is found that much thicker specimen is required to satisfy small scale yielding condition. By using eq. (1), it is calculated that the minimum thickness ensuring that plane-strain conditions prevail in the structure were 21.2 (sample A), 42.3 (sample B), and 30.9 mm (sample C), respectively. However, even if such thicker materials are used in structural materials, the effect of weight reduction for structural materials will not be expected. In order to satisfy small scale yielding condition without decreasing fracture toughness and increasing the thickness of the specimen, it is necessary to increase the yield strength of the material. The typical SEM micrograph of the fracture surfaces after plane-strain fracture toughness tests on each sample was shown in Fig. 2: (a) sample A, (b) sample B, and (c) sample C. From Fig. 2 , it is found that the fracture process of final rupture region is microvoid coalescence. Knott reported this type of fracture as follows. 12, 13) As the load applied to the specimen containing sharp pre-crack is increased, the inclusions near the crack tip experience with increasing strain. Since the inclusions are bonded poorly to the matrix, the voids are formed at low plastic-strain. The crack blunts itself, and crack-tip moves forward normal to the tensile axis producing a Stretched Zone (SZ). The initiation of fracture may be defined as the point, when the blunting crack-tip first Table 3 The result of plane-strain fracture toughness test at each sample. coalesces with the growing void nearest to crack tip. Spitzing reported that the SZ, which is formed ahead of fatigue precrack, has a close relation to plane-strain fracture toughness, K IC .
14) The magnitude of plastic deformation at the crack-tip represents the resistance to the fracture, because characteristic dimples determine the magnitude of plastic deformation at crack-tip. Therefore, it is considered that plane-strain fracture toughness evaluation by analyzing SZ is effective way in case of no application on small scale yielding condition: having thin thickness. There are many ways to measure SZ quantitatively. 15) In this study, at first, by using SEM, the stretched zone width (SZW 0 ) was measured from the angle parallel to loading axis. At second, the specimen stage was tilted 15 and stretched zone width (SZW 15 ) was measured. It is reported that this tilted 15 was general tilted angle. Therefore, the critical stretched zone height (SZH) was calculated as following equation:
Since there was no big difference in the height of fracture surface, the value of critical crack tip opening displacement (CTOD C ) was equal to 2SZH. Therefore, plane-strain fracture toughness was calculated from the following equation:
where is a constant (¼ 2 15) ), E is young's modulus (¼ 42:93 GPa in magnesium 16) ), v is Poisson ratio (¼ 0:28 in magnesium 2) ), and ys is yield strength of the material. The plan-strain fracture toughness in eq. (3) is depending on the value of CTOD C and the yield strength at each sample. The typical stereo pairs of fracture surface adjacent to the SZ at each sample were shown in From Fig. 3 , it is found that the SZ at each sample were characterized by as slightly rippled surface and extended between fatigue precracked region and over load fracture regions of the surface. Therefore, in the present used samples, it was difficult to observe the SZ because of two problems. One problem: the elongated dimples were seen in SZ region. It was thought that forming elongated dimples are because crack tip blunted including forming dimples. In this study, the SZ measurements were carried out without including the width of elongated dimples. The other problem: it was difficult to distinguish the differences between SZ region and fatigue cracked region. These regions were excepted from the measurement. Considering above problems, the SZW was indicated by arrows in Fig. 3 . Each value of SZW 0 , SZW 15 , and CTOD C in this present used material after analyzing SZ was listed in Table 4 . From Table 4 , it is found that the CTOD C were similar value at each sample. By using eq. (3) and the data on yield strength at each sample, the values of plane-strain fracture toughness at each sample were calculated, and these values were also listed in Table 4 . From Table 4 , it is found that the values of K IC on this used wrought AZ31 magnesium alloys are 16.5-18.4 MPam 1=2 .
Although the mechanical properties at room temperature were identical at three kinds of wrought AZ31 magnesium alloys, there was difference among the plane-strain fracture toughness. It is considered that the difference of the planestrain fracture toughness was related to the amount of impurities, especially ferrite and manganese. In case of aluminum alloys, it is reported that the plane-strain fracture toughness changes depending on the amount of impurities such as silicon and iron. 17) From Tables 1 and 4 , it is found that the plane-strain fracture toughness increases, with decreasing the amount of ferrite, or increasing the amount of manganese. However, it is estimated that there are no relationships between fracture toughness and total amount of impurities contained in each sample. Therefore, in the future, it is necessary to investigate the relationships between fracture toughness and amount of impurities. This problem is due to be reported at another paper in detail.
In the fracture toughness test procedure, detailed regulations are prepared until the calculated value is admitted to be valid as plane-strain fracture toughness, K IC . In this study, the used sample was not satisfied with a part of these regulations. The calculated values based on the plane-strain fracture toughness tests lacked in the reliability as plane-strain fracture toughness. However, it is considered that the plane-strain fracture toughness using the SZ analysis was appropriate. Because the analysis is made in the small region where plane-strain conditions are satisfied at least. When the 
Summary
In the present study, the plane-strain fracture toughness on AZ31 wrought magnesium alloy sheets, which have different amount of Fe and Mn, were analyzed by fracture toughness test and stretched zone analysis. As the result of fracture toughness test, appropriate plane-strain fracture toughness were not obtained. It is because thickness of specimen was too thin to satisfy small scale yielding condition. On the other hand, the plane-strain fracture toughness was obtained by using the Stretched Zone analysis. Therefore, it is concluded that the Stretched Zone analysis is one of the effective ways to evaluate plane-strain fracture toughness. In order to apply thin AZ31 wrought magnesium alloy sheets as structural material in the future, it is necessary to understand a planestrain fracture toughness or strength at room temperature. The plane-strain fracture toughness on the present used AZ31 wrought magnesium alloys showed 16.5-18. 4 MPam 1=2 . The changes in these values are considered to depend on the amount of impurities contained in the materials. That fact indicates the possibility of new alloy designing that has high resistance to fracture by controlling its composition. And it is expected that higher fracture toughness on AZ31 wrought magnesium alloys are achieved by controlling their composition and is able to enhance the engineering applications in the wrought magnesium alloys as well as to obtain their reliability and safety. Another paper is due to report about the investigation of the dependence of impurities on fracture toughness.
